We have examined the mineralogy and deformation of black shear zones containing abundant carbonaceous materials (CM) and clay minerals in bedded ribbon cherts in a Jurassic accretionary complex, central Japan. Microtextural observations indicate that pressure solution and cataclastic deformation were the primary deformation mechanisms in the cherts. Whole-rock mineral compositions were quantitatively investigated using X-ray diffraction, Raman spectroscopy, and a CHN elemental analyzer. The results show that the samples contain variable amounts of CM and clay minerals, up to 17 wt% and 60 wt%, respectively. Moreover, the clay and CM contents in the samples, including the host rock cherts, show a positive correlation represented by a single compositional trend, and this may be explained by the progressive concentration of clays and CM due to pressure solution and the removal of soluble quartz or mass transfer processes associated with deformation. Intact cherts dominated by quartz seem to provide plausible source rocks for the nucleation of seismic slip including slow slip events, while the abundant CM and clays as observed in the black shear zones may have effectively weakened and stabilized the sliding behavior. These results are important for understanding deformation processes in the Japan Trench.
INTRODUCTION
Frictional property of rock is highly dependent on its mineral composition. A number of experiments quantitatively demonstrate how frictional behavior changes when weak materials such as clay minerals and graphite are included in the samples (Logan and Rauenzahn, 1987; Brown et al., 2003; Takahashi et al., 2007; Crawford et al., 2008; Tembe et al., 2010; Oohashi et al., 2013) . Several studies show that as little as~10% of these materials is enough to act as a lubricant (e.g., Collettini et al., 2009; Oohashi et al., 2013) . Accordingly, precise determination of the mineral composition, in particular the fraction of the weak minerals in bulk rock, will make it possible to infer sliding behaviors of a shear zone during faulting.
The Mino-Tamba belt is a Jurassic accretionary complex in central Japan (e.g., Matsuda and Isozaki, 1991) , and has excellent exposures of deformed 'ribbon cherts' in the Inuyama-Unuma area along the Kiso River. Recently, we have focused on chert as an analog of the thick pelagic deposits that are being subducted into the Japan Trench Kimura et al., 2012) , where disastrous events such as the 2011 Mw 9.0 Tohoku-oki earthquake occurred. The cherts characteristically contain several black shear zones, along which most of shear deformation in this exposure is localized. The host strata were probably deposited during an anoxic period in the ocean, because of similar appearance to those related with a global anoxic event at the Permian-Triassic boundary (Isozaki, 1997) . The 'graphitic appearance' suggests that the shear zone contains considerable amounts of CM.
In this study, we first report an analytical scheme for quantitative analysis of chert containing CM. The application of this procedure provides details on the mineralogical properties of the CM-bearing shear zones in this area. Based on the results as well as microscopic observations, we go on to discuss their relevance to deformation processes including seismogenesis in the subduction zone.
GEOLOGICAL SETTING OF THE BLACK SHEAR ZONE
The Mino-Tamba belt constitutes a Jurassic accretionary complex that contains sandstones, mudstones, cherts, limestones, and basalts (Fig. 1a; Matsuda and Isozaki, 1991) . An exposure of a sequence of cherts and clastic rocks can be observed in the Inuyama-Unuma area along the Kiso River ( Fig. 1b ; Aichi and Gifu Prefecture, central Japan). Here there are repetitions of the ocean floor stratigraphic sequences as a result of stacking by thrusts. Many detailed tectono-biostratigraphic studies in this area (e.g., Yao et al., 1980; Matsuda and Isozaki, 1991; Kimura and Hori, 1993) have shown that the age of the subducted oceanic plate was~80 Myr on the basis of a depositional age gap between the top of the terrigenous sediments and the bottom of the pelagic sediments. Thus, the red 'ribbon cherts' (~100 m thickness) can be regarded as analogous to pelagic siliceous sediments at a trench where old oceanic plate is being subducted .
The pelagic cherts we have analyzed have been given a middle Triassic (Anisian) depositional age (Sugiyama, 1997; Ikeda et al., 2010; Ikeda and Tada, 2014) , and they include several dark grey chert layers (Figs. 1b and 2). Their appearance resembles the rocks found at the Permian-Triassic boundary (Isozaki, 1997) , and the sequence is thus supposed to be related to an anoxic event in the ocean at this time. In the exposures studied, shear deformation is typically localized along the black shear zones (Figs. 1b and 2) .
The cherts exhibit various colors ranging from gray to dark gray, pale green, and white; red cherts occur at both the top and bottom boundaries of the sequence (Fig.  2) . The top boundary appears to be a sedimentary contact, while the bottom boundary is a fault that runs slightly oblique to bedding, and juxtaposes to the lower chert sequences. The cherts have undergone folding and faulting. In places tight folds with a wavelength of~1 m are developed (in the upper right of Fig. 2 Sketch of the exposure (modified after Tsukamoto, 1989; . A more detailed sketch of the area marked by a rectangle is shown in Figure 2 .
accompanied with layer-parallel shears with slickensides on the shear planes, indicating a dominantly lateral-slip with a slight dip-slip components to the south (stereoplot in Fig. 2 ). The black shear zones are found only in the vicinity of the dark gray chert layers (Figs. 1 and 2); they do not occur elsewhere in the area. Oblique shears cut the bedded cherts, and an apparent dextral shear is also indicated by the pattern of drag and asymmetric feature of tight folds on the horizontal exposure surface (Fig. 2) .
The shear zones are composed of foliated black shale and range in thicknesses from~2 to 5 mm. Some quartz veins formed along the bottom surfaces of the shear zones. Most of the veins are parallel to the host rock walls, but in places they developed at high angles to the shear zones (Fig. 2) . Branching of some shear zones is also observed where the width of the zone tends to thicken to a few centimeters. The black shear zones have a graphitic appearance, rather like pencil lead. 
ANALYTICAL METHODS

Scanning electron microscopy (SEM)
Textural observations and qualitative element analyses of the samples were performed using a SEM JEOL JSM-5310 equipped with an energy dispersive X-ray spectrometer (EDS, Oxford Energy-200). For SEM observations, the thin section was coated with a thin carbon film. The applied accelerating voltage was 15 kV for both backscattered electron imaging (BEI) and elemental analyses.
XRD
The whole-rock mineral compositions of the black shear zones and the dark gray cherts were quantitatively assessed by X-ray diffraction (XRD) with a newly prepared calibration curve. Powder XRD patterns were recorded with CuKα radiation at a scan rate of 1°per minute at 0.02°steps in 2θ using a Rigaku Rint-Ultima 2100 with a one-dimensional X-ray detector (D/teX Ultra, Rigaku) at 40 kV and 30 mA, with 0.5°and 10 mm divergence slits, and an 8 mm anti-scattering slit, which enables to count much higher peak intensities than the normal scintillation detector. Reflections were processed (linear background subtraction and counting of the integrated peak intensity) by using standard Rigaku peak analysis software. After preliminary scans of the samples, we prepared nine standards with various mixture ratios that were composed of quartz (reagent from Kanto Chemical) and clays (1:1 mixture by weight of illite IMt-2 from The Clay Minerals Society and chlorite from chlorite schist in the Bessi area of the Sanbagawa metamorphic belt, Japan; [(Mg 3.7 Table 1) . Each standard mixture was preheated in an oven at 60°C for 3 hours, and blended with an agate pestle and mortar. XRD patterns for these mixtures were recorded with the same measurement settings that were used for the whole-rock sample measurements.
CNH corder
The carbon content in the bulk rock samples was independently measured with a CHN elemental analyzer which is an instrument for determining elemental composition of a sample (MT-6; Yanaco Technical Science). Analyses were performed at the Microanalytical Laboratory of the Department of Chemistry, Graduate School of Science, The University of Tokyo, Tokyo, Japan.
Raman Spectroscopy
Raman spectra were obtained with a Raman microprobe spectrometer. The system was made up of a 50 cm single polychromator (500is; Bruker), an optical microscope (BX51; Olympus Optical), an Ar + laser (514.5 nm; Melles Griot), and a Si-based charge-coupled device (CCD) camera with 1024 × 128 pixels (DU401A-BR-DD; Andor Technology). The CCD camera was electronically cooled at −65°C using a Peltier device. The scattered light was dispersed using a grating with 1200 lines/ mm, and the spectral resolution was approximately 1.5 cm
. For our work, the spectral region was set at 700-2000 cm −1
. The measurement was performed for 30 s of exposure under laser power of~3 mW at the sample surface, and with a ×50 objective lens (Olympus LMPlan FL, NA = 0.50). Raman spectrum was not obtained from individual CM particle, but instead multiple spectra were collected from randomly selected surface of a sample fragment (2 × 2 µm area). The spectra did not show any variation in the obtained profiles in each sample.
PROCEDURES FOR QUANTITATIVE ANALYSIS OF QUARTS-CLAY MIXTURES WITH AN ADDITIVE
The basic equation of quantitative XRD analysis for target mineral i in a matrix m was derived by Klug and Alexander (1974) and is expressed as (Kato, 2002) :
where I i is the intensity of a chosen reflection for mineral i; ρ i is the density of mineral i; μ * i and μ * m are the mass absorption coefficients for i and the matrix, respectively; x i is the weight fraction of i; and K i is a constant dependent on the reflection of i as well as on the experimental conditions. If the mass absorption coefficient between the target mineral and the matrix is the same, the intensity I i is proportional to the weight fraction, and is expressed as follows: where I i0 is a reference intensity for a pure sample of i. In general, however, the mass absorption coefficients are different for the target mineral and the matrix, and in such a case, one can use the following expression:
:
, the correlation between I i /I i0 and x i will be represented by a convex curve, while it is concave when μ
For this study, we prepared a calibration curve by measuring standard mixtures of quartz and clays with various mixing ratios. Here we adopt quartz as a target mineral because it is less sensitive to measuring conditions (such as a preferred orientation in a glass holder) than clay minerals. Comparison of the integrated peak intensity and the actual weight percent (wt%) in the bulk powder shows a concave relationship (Fig. 3) . This seems to be appropriate because clay minerals generally have a higher mass absorption coefficient (typically~45 cm 2 /g; Reynolds, 1985) (Reynolds, 1985) , the obtained clay contents become higher bỹ 6%. If the sample is simply made up of a binary mixture of quartz and clay, the weight ratios determined by Eq. (4) directly indicate the bulk rock composition. However, the occurrence of another phase in the sample modifies μ * m , because its mass absorption coefficient is expected to differ from that of the clay, and this potentially leads to a systematic error in the above procedure. To deal with this effect, Eq. (3) can be rewritten as
; where x i A is an actual value for the weight fraction of the target mineral i. μ * m A is a corrected mass absorption coefficient for the matrix, and is expressed as a weighted average, as follows:
; where x a and μ * a are respectively the weight fraction and the mass absorption coefficient for the additive. Combining Eqs. (3), (5), and (6), and organizing them, produces the following correction equation:
If we consider that the mass absorption coefficient of pure graphite is 4.6 cm 2 /g (Klug and Alexander, 1974) , and assume 62.3 cm 2 /g for the clay minerals in the analyzed samples, then Eq. (7) is written as follows:
The clay content was then determined as a residual from a total of 100%, as follows: RESULTS Figure 4 shows microscopic occurrences of the host rock cherts (Fig. 4a ) and the shear zone (Fig. 4b ) under nonpolarized light. The cherts contain abundant radiolarian tests that are now replaced by quartz (Fig. 4a) . Most of these fossils have irregular edges where they are accompanied by pervasive dark seams that are sub-parallel to bedding, and these features suggest the cherts have undergone pressure solution deformation. This inference is also supported by stylolitic textures commonly observed in the shear zone (Fig. 4b) . Cataclastic zones of finely fragmented chert can be observed in the shear zone adjacent to the wall of the host rock chert with a relatively sharp boundary (Fig. 4c) . The fragments are typically distributed within several hundreds of micrometers from the wall, and are less obvious toward the center of the shear zone, suggesting catclastic fragmentation of the wall rock cherts. The cataclastic material has a grain size that ranges from several to hundreds of microns, and the grains are randomly oriented and surrounded by a dark matrix (Fig. 4d) . SEM observation revealed that the matrix is composed of fine-grain materials with a brighter contrast than the fragments (Fig. 4e) . Close-up image (Fig. 4f ) shows a development of thin foliations (white arrows), defined by continuous alignment of clay platelets with heavy elements possibly as a result of localized deformation along these planes. Comparison of EDS spectra shows markedly higher counts of Fe, Al, K as well as C from the matrix (Fig. 4g ) than from the chert fragments (Fig. 4h) . Figure 5 shows typical XRD patterns for the shear zone sample (KS07, lower part of figure) and dark gray chert (KS10, upper part of figure) . The pattern of KS10 suggests that quartz is a dominant mineral, but small reflections for the clay minerals of illite and chlorite are also visible in the enlarged pattern. In contrast, the shear zone sample has stronger peaks for the clay minerals. By using Eq. (4), we tentatively obtained quantitative data on eight shear zone samples and two dark gray chert samples (sampling localities are shown in Fig. 2) . The results suggest that the cherts contain close to 80 wt% quartz, while the fault samples contain~30-60 wt% quartz (open squares in Fig. 7 and Table 2 ).
We next determined the carbon content in the bulk samples by using the CHN corder. The results show that although only~0.5 wt% of carbon is present in the dark gray cherts, the shear zone samples contain 5-17 wt% carbon (Table 2 ). Raman spectra suggest that the CM in the sample is poorly crystallized graphite (e.g., Robertson, 1986; Jehlička et al., 2003; Fig. 6 ). As mentioned in section 4, such an occurrence of CM may affect the results determined by Eq. (4). Based on Eq. (8), the quartz content then falls by up to~6 wt% depending on the CM content (solid squares in Fig. 7 and Table 2 ). The shear zone samples commonly have higher clay contents (~40-60 wt%) than the cherts (~20 wt% in Table 2 ).
For comparison, we also investigated the mineral composition of the cherts with different colors (KS14 and KS16) in this exposure. These samples are supposed to contain trace amounts of carbon (less than 0.1 wt%; Sugitani and Mimura, 1998) , and here we derived the°2 Figure 5. Powder XRD patterns for the black shear zone sample (KS07) and the chert host rock (KS10). Qtz, quartz; Chl, chlorite; Ill, illite. The peak marked by a star is the reflection for quantitative analyses. composition data by assuming a simple binary mixture of quartz-clay for these samples. The results suggest that2 0 wt% and~40 wt% of clays are respectively included in the red-and green-chert samples (Table 2) .
DISCUSSION
Concentrations of graphite and clay in the black shear zones
The analyses using the CHN corder and Raman spectroscopy show that up to 17 wt% of poorly crystallized graphite is present in the shear zones. The occurrence of the CM-bearing shear zone seems to be stratigraphically controlled, and they are only found near the dark gray cherts (Fig. 2) . However, the CM content in the cherts themselves (~0.5 wt%) is much smaller than in the accompanying shear zone samples.
There have been some reports on the occurrence of graphite-bearing faults (Zulauf et al., 1990; Manatschal, 1999; Oohashi et al., 2012) . For example, along the trace of the Ushikubi Fault in central Japan, Oohashi et al. (2012) observed up to 12 wt% of graphite in black gouge zones, compared with 0-3 wt% in the host rock gneiss. Based on microstructural observations, Oohashi et al. (2012) proposed the following two ways of enriching the fault zone with graphite: the addition of graphite by precipitation in veins directly from hydrothermal fluids that contained C, and a passive process where the graphite is concentrated as a result of the selective leaching of other components (e.g., quartz) due to pressure solution. The authors also argued that the second of these processes may have been the most important because of the close association between concentrations of graphite and the nature of the host rock (i.e., more graphite is concentrated in a pelitic gneiss than in a marble or orthogneiss).
The pervasive stylolitic textures and dark seams in our samples (Fig. 4) also suggest the importance of pressure solution. As pressure solution proceeds, the more soluble minerals such as quartz are selectively removed from the system, while the less soluble minerals, such as clays and CM, are progressively enriched. In fact, CM tends to be concentrated most in samples with a higher clay content (Table 2 ). Figure 7 shows the correlation between clay and carbon abundances in the samples, including the cherts. Although data are scattered, the plot shows a positive and broadly linear correlation.
At the start, the pelagic sequence would probably have displayed compositional fluctuations, as are found in other sequences of bedded chert, possibly in response to cyclic changes in the rate of deposition of biogenic SiO 2 Ikeda et al., 2010; Ikeda and Tada, 2013) . During the silica diagenesis, biogenic silica in bedded chert may have been exported from layers with lower Si contents to adjacent layers with higher Si contents (Tada, 1991) . Several experimental works have shown that the efficiency of pressure solution is greatly Data from Eq. 4 Data from Eq. 9
Red chert Green chert Figure 7 . Comparisons of the clay and CM contents for each sample. Open and solid squares show the clay contents from Eq. 4 and Eq. 9, respectively. A solid line represents a regression line for the data from Eq. 9. A dotted line represents an ideal trend when clays and graphite are completely immobile in the system.
enhanced by the presence of clay particles, possibly because those particles help solutes diffuse more easily than in clay-free assemblages (Renard et al., 1997; 2001) ; the implication is that relatively clay-rich horizons are favorable for the onset of pressure solution. Once deformation has begun, pressure solution is accelerated by positive feed-back processes, and even a small fluctuation in the original composition of the deposit is progressively enhanced. We cannot be certain of the original composition of the rocks replaced by the shear zone, but mineralogical data, including those for the cherts, can be represented, more or less, by a single compositional line (Fig. 7) , and this correlation may represents an evolution of the shear zone composition during pressure solution deformation. However, this does not necessarily mean that the system was completely closed with respect to clays and CM during the deformation. If this had been the case, the data should plot on a line drawn from the origin to those of the cherts (dotted line on Figure 7 ). However, the data plot above this line, suggesting that CM tends to be more concentrated than the clay minerals. One possible explanation is that CM was also added by fluid transfer, following Oohashi et al. (2012) . The deviation from the ideal line in Figure 7 suggests that as much as almost ten times the original content of CM might have been successively supplied with the progress of deformation. In fact, the black shear zones commonly bifurcate and run through the gray chert layers (Fig. 2) . The process of cataclastic fragmentation of cherts in the shear zone (Fig. 4c) can also foster the fluid-mediated concentration of CM due to enhanced fluid flux in the shear zone. However, longrange fluid transfer is unlikely, because the shear zones are restricted to specific horizons in this area (at most, they run for no more than several meters).
Implications for deformation and seismogenic processes in the subduction zone
Besides pressure solution, we have observed cataclastic deformation in the shear zones (Fig. 4) . It is clear, therefore, that multiple processes were active during the deformation. According to Kameda et al. (2012) , cataclastic deformation in this area would have been most pronounced once the transformation of opal to quartz had been completed. Kinetic modeling for siliceous oozes undergoing subduction into the Japan Trench indicates that the transformation of opal to quartz progresses actively at temperatures around 100°C along the plate interface Kimura et al., 2012) , after which the siliceous deposits become crystalline cherts made up mostly of quartz. The analyzed chert may have experienced the transformation reaction of up to~220°C as inferred from vitrinite reflectance analyses of the accompanying terrigenous rocks . Considering that the black shear zones are accompanied with the dragged and folded chert layers in the outcrop, the cataclastic deformation within the shear zones probably occurred during a prograde diagenesis probably near the plate boundary before the pelagic deposits were fully transformed to crystallized chert (i.e.,~100-~220°C). According to the thermal structure of the Japan trench , these temperatures correspond tõ 10-~30 km depth condition. Friction experiments have shown that rocks dominated by framework minerals such as quartz tend to have unstable frictional properties that favor the nucleation of seismic slip (e.g., Morrow et al., 1992; Blanpied et al., 1995; Saffer and Marone, 2003; Ikari et al., 2011) . Highvelocity friction experiments by Hayashi and Tsutsumi (2010) showed that chert has strong velocity-weakening properties and quite low frictional levels at typical rates of seismic slip (~m/s). It was presumed that these features were due to the formation of a hydrous silica gel on the slip surfaces (Di Toro et al., 2004; Goldsby and Tullis, 2002; Hayashi and Tsutsumi, 2010) , which would readily promote the propagation of seismic ruptures. Moreover, Saito et al. (2013) examined the frictional behavior of quartzofeldspathic rocks that originated from sandy turbidites in the ancient subduction zone, and they showed that samples with clay contents of less than 20 wt% exhibited unstable sliding at slip rates comparable to those of slow slip events (Ito and Obara, 2006) . The results of these friction experiments suggest that intact chert may be a source rock for the nucleation of seismic slip, including slow slip where siliceous pelagic deposits are undergoing subduction.
As mentioned earlier, the processes of pressure solution and cataclastic deformations may be related with concentration of clays and CM in the shear zone due to diffusive mass transfer, and this is probably expressed by the compositional trend in Figure 7 . It is presumed that pressure solution becomes less effective when an individual quartz grain is fully supported by matrix clay and CM. Deformation, in such a case, becomes controlled by the mechanical properties of the clay matrix and the CM. Artificial mixtures of quartz and illite gouge exhibit a gradual but constant decrease of shear strength as a function of illite content (Brown et al., 2003; Tembe et al., 2010) . In addition, several experimental works have shown that clay-rich fault rocks have velocity-strengthening properties (e.g., Saffer and Marone, 2003; Ikari et al., 2011) . Most recently, Oohashi et al. (2013) examined the effects of graphite on bulk rock friction, and they demonstrated that as little as 10% graphite is sufficient to act as a lubricant. Hence, more than 10 wt% of CM together with abundant clays in the black shear zones may effectively weaken the strength of a shear zone and stabilize its sliding behavior.
Several studies have identified episodic slow slip events and repeating small to moderate earthquakes within the shallower portion of the coseismic rupture area of the 11 March Tohoku-oki earthquake before the mainshock (e.g., Asano et al., 2008; Kato et al., 2012; Ito et al., 2013) . In the study area, branching of the black shear zones cuts through the chert layers, and breakage of such intact cherts may have been seismogenic faulting. The extent of the analyzed shear zones suggests that small scale earthquakes are more likely to be compared rather than the great ones such as the mainshock of the Tohokuoki earthquake. It is noted that the locations of the earthquake swarms in 1989 and 1992 off Sanriku (Nishizawa et al., 1990; Hino et al., 1996) and/or the precursory seismic activities of the 2011 earthquake compare well to the condition of cataclastic deformation conditions in the analyzed cherts.
CONCLUSIONS
The bedded cherts in the Inuyama area of central Japan contain specific CM-bearing horizons. These horizons contain shear zones along which the CM and clays have become more conspicuous. To determine precisely the mineral composition of these shear zones, we first developed a detailed scheme for quantitatively analyzing minerals in the ternary system quartz-clay-graphite. The subsequent analyses revealed that the CM and clays have been significantly enriched in the shear zones when compared with the surrounding cherts. The enrichment of these phases seems partly to have been the result of pressure solution, but mass transfer processes may also have played an important role. The intact chert can provide a source rock for seismogenic slip including episodic slow slips, whereas the results of enrichment in CM and clays is the suppression of unstable seismogenic behavior and the formation of more stable and weaker shear zones. Detailed structural analyses of the CM may provide further insight into the slip behavior of these shear zones, and help us to understand the ongoing processes in the Japan Trench.
